In the present study, the anticorrosion behaviour of the leaf-extract admixture of Anthocleista djalonensis (A. djalonensis) on steel-reinforced concrete immersed in an HCl solution (as an aggressive medium) was investigated using electrochemical methods. Monitoring-related parameters included the corrosion rate, corrosion potential, and corrosion current. The performance of this novel eco-friendly corrosion inhibitor was investigated at various temperatures (25-60 °C) at various concentrations (0.1 to 0.4 g/L).
INTRODUCTION
The corrosion of steel reinforcements in concrete has raised significant concerns due to its impact on the integrity of infrastructure and building structures. Due to its ease of manufacturing, low cost, and high versatility, steel-reinforced concrete still occupies a dominating position worldwide [1] [2] [3] . The steel reinforcement of concrete is generally protected using a thin layer of oxide film in pH > 12 concrete pores [4] [5] [6] [7] [8] . Unfortunately, this passive thin oxide layer can be damaged by low pH brought about by aggressive acidifying chemicals in the environment. Under these conditions, concrete steel-rebar is prone to corrosion degradation. There are several sources of such acidifying chemicals. For instance, HCl may be derived from wastewater in industrial environments [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Concrete can be attacked by HCl through the formation of an electrochemical cell of steel-reinforcement corrosion along with expansive volume products; if left unchecked, this cell would lead to the collapse of the steel-reinforced concrete structure [19] [20] [21] [22] [23] .
Many previous reports proposed the effective and facile mitigation of steel-reinforced concrete corrosion degradation in an acidic HCl environment using corrosion inhibitors as admixtures in the concrete [24] [25] [26] [27] . Among these, chromate-and nitrite-based compounds have been found to effectively inhibit steel-rebar corrosion. They also have certain disadvantages, such as toxicity, which poses hazards to the environment and limits their application [28] [29] [30] [31] [32] . Additionally, these synthetic and inorganic chemical inhibitors are expensive and difficult to synthesize [2, 33, 34] . Therefore, it is necessary to develop green, cost-effective, and easily available substitutes to solve problems related to steel-reinforced concrete corrosion degradation problems in an acidic HCl environment. Extracts from various parts (root bark, stem bark, and leaf) of Anthocleista djalonensis (A. djalonensis) have been found to show both in vivo and in vitro capabilities for healing a wide range of diseases [35, 36] . In addition, aluminium corrosion inhibition under an HCl environment has been studied using the extract from the stem bark of A. djalonensis. Notably, the toxicity of the A. djalonensis leaf extract has been found to be lower than that of the stem bark [37] . Additionally, all test animals treated with the A. djalonensis leaf extract (5000 mg/kg) survived, whereas all test animals treated with the stem bark extract (2500 mg/kg) died [36] . In addition, the inhibition of the leaf extract of A. djalonensis on the corrosion of steel reinforcement in concrete immersed in a chloride-contaminated solution has also been reported [2] . Fourier transfer infrared (FTIR) results showed that the test leaf extract consisted of aromatic compounds that were potent with π-electrons, which could interact with the vacant d-orbital of Fe in the steel rebar in concrete [2] . It was also found that A. djalonensis contains mixed compounds, including tannins, saponins, phlobatanins, flavonoids, and alkaloids. These constituents have been reported to exhibit a remarkable inhibitory effect on mild steel in acidic chloride (HCl) solution [38] . To date, no study has reported the inhibitory effect of the leaf extract of A. djalonensis on the corrosion of steel reinforcement in a concrete slab immersed in a HCl solution. Therefore, this paper studies this anticorrosion performance in an acidic environment by simulating the industrial/microbial setting. Methods for the electrochemical monitoring of steel reinforcement corrosion were employed and analysed to detail the anticorrosion performance of various concentrations of A. djalonensis leaf-extract admixture on steel-reinforced concrete samples.
EXPERIMENTS

Synthesis of the leaf extracts of Anthocleista djalonensis
The leaf extracts used in this study were prepared according to existing literature [39, 40] . Samples of Anthocleista djalonensis were obtained from a farm in Aba North, Abia State. After complete washing to remove dirt, the collected leaves were left to dry in air. The powdered form was generated after pulverizing these leaves. To prepare the stock solution, 10 g of the prepared powder was refluxed in HCl solution (240 ml; 1.0 M), followed by filtration of the resulting mixture. With excess 1.0 M HCl as the solvent, various concentrations were prepared from the prepared stock solution (0.1 -0.6 g/L). The preparation was performed at 333 K and at ambient temperature. FT-IR spectra were recorded on a Perkin Elmer 1750 FTIR Spectrophotometer.
Preparation of steel reinforced concrete samples
The test steel reinforcement was 12 mm in diameter. The elemental composition of this deformed steel rebar was as follows: 0.273% C, 0.780% Mn, 0.403% Si, 0.240% Cu, 0.142% Cr, 0.109% Ni, 0.039% P, 0.037% S, 0.016% Mo, 0.0086% Co, 0.0083% Nb, 0.0063% Sn, 0.0037% Ce, 0.0032% V, and the balance was Fe. For corrosion measurements, the rebar was cut into steel rods of 190 mm. For all of these steel rods, surfaces were first prepared by grinding using abrasive paper of various grades. Samples were pickled in H 2 SO 4 (10%), rinsed and cleaned in an ultrasonic cleaner. After degreasing in acetone, they were dried under a warm air stream. Finally, 150 mm of each steel rod was centrally embedded into a concrete slab (100 × 100 × 200 mm).
Electrochemical experiments
To simulate a real microbial/industrial environment, we immersed the steel-reinforced concrete samples partially and longitudinally in plastic bowls containing an HCl solution (1 M) using standard procedures. The concrete was immersed in the HCl test solution so that the steel protruding from the concrete was just above the solution level but did not touch it. To maintain the corrosive environment, we replenished the test solution every three weeks. Electrochemical impedance spectroscopy (EIS) and polarization techniques (Autolab potentiostat/galvanostat) were performed to study the inhibition effects of A. djalonensis on the surface of the steel in the 1 M HCl solution at various temperatures (25, 40, 50 and 60 °C) before and after the addition A. djalonensis (0.1, 0.2, 0.3 and 0.4 g/L). The experiments were performed with open circuit potential (OCP) after immersion for 120 min, where the electrode reached a steady state. In addition, potentiodynamic experiments were initiated in the cathodic to the anodic direction at ± 250 mV near OCP (scan rate, 1.0 mV/s). The parameters for the EIS measurements were described as follows: frequency range, 100 kHz to 10 mHz; peak to zero amplitude, ± 10 mV. Data analysis was performed using Nova (ver 1.7) software.
RESULTS AND DISCUSSION
The extract of A. djalonensis leaf was characterized by FTIR. A broad band between 3457 cm −1 is due to the N-H stretching vibration of the NH 2 and OH group, and the overlapping of the stretching vibration is attributed to water and the A. djalonensis leaf extract. The band at 1634 cm −1 corresponds to amide CO stretching, and a peak at 2085 cm −1 can be assigned to the alkyne group present in the phytoconstituents of the extract. The observed peaks at 1111 cm −1 denote -C-OC-linkages or -C-Obonds. The observed peaks are primarily attributed to flavanoids and terpenoids that are excessively present in the plant extract [41, 42] . On the other hand, the prepared extract sample shows a wide, strong peak with a maximum intensity at 557 cm −1 . The results are in good agreement with those found in the literature [43] . Table 1 shows the corrosion current density (I corr ), corrosion potential (E corr ), cathodic Tafel slope (β c ) and inhibition efficiency (IE %). It was observed that temperature could affect inhibition efficiency; 40 ℃ showed the highest inhibition efficiency among all tested temperatures. Moreover, the increasing concentration of the A. djalonensis leaf extract could result high inhibition efficiency, in agreement with other plant extracts [44] [45] [46] . It is also noteworthy that in the anodic branches of the curves, we did not observe the linear Tafel region. Therefore, the anodic Tafel slopes (ß a ) could not be obtained using an interpolation method, along with another more significant parameter, the corrosion current density (I corr ). To solve this problem, the interpolation of the cathodic asymptote with the line crossing the E corr has been described as I corr . Upon the addition of A. djalonensis, even at a low level, into the 1 M HCl solution, the cathodic and anodic branches both shifted to lower current densities, and corrosion potential slightly shifted towards less negative values ( Fig. 2A) . Therefore, as the concentration of A. djalonensis increased, a decrease in corrosion current density was observed as well as elevated inhibition efficiency. Additionally, the cathodic Tafel slope sharply decreased, together with a small corrosion potential increase to less negative values, in the case of increased A. djalonensis concentration. This means that the effect of A. djalonensis on the shape of the anodic branch is more significant than that of the cathodic branch. These results confirm the predominant role of A. djalonensis (a mixed-type inhibitor) in anodic reactions. As shown in Fig. 2B -D, measurements were performed using carbon steel in HCl solutions (1 M) before and after the addition of A. djalonensis at various temperatures (40, 50 and 60 °C). Upon the increase in temperature, we observed an increasing tendency for both the corrosion current density and the corrosion rate but a decreasing tendency for the corrosion inhibition efficiency. This results from the carbon steel oxidization rate increasing in the HCl solution after the temperature increase [47] . It also confirms that the impedance of the inhibited substrate increases with the concentration of extract [48] . However, even at 60 °C, A. djalonensis still exhibited a high inhibition efficiency of 84%, which suggests that it is highly inhibitory in HCl solution (1 M), even at high temperatures. Table 2 . Element value of a circuit equivalent to fit the impedance spectra in Figure 3 and the values of the corrosion efficiency. After immersion for 120 min, the carbon steel corrosion performance in 1 M HCl solution before and after A. djalonensis was studied at various temperatures using the EIS method. Figs. 2-5 show the Nyquist and Bode plots. The Nyquist plots are obviously not semicircles, which suggests that the surface is inhomogeneous. On the bare sample and others immersed in 1 M HCl solutions containing A. djalonensis (0.1 and 0.2 g/L), the electrochemical reactions were studied using a onetime constant electrical circuit. This reveals the electron transfer-controlled property of these electrochemical reactions on the samples. However, for samples immersed in 1 M HCl solutions containing A. djalonensis (0.3 and 0.4 g/L), the corresponding Nyquist and Bode plots were better fitted with a two-time constant electrical mode. As seen from Tables 2-5, R ct increases with the assembly time, and C dl decreases with extract concentration. The adsorption extract increases the thickness of the double layer capacitance, which can increase the R ct and decrease the corrosion reaction rate [49, 50] . Table 3 . Element value of a circuit equivalent to fit the impedance spectra in Figure 4 and the values of the corrosion efficiency. R ct increased with the inhibitor concentration increase, since the inhibitor molecules were adsorbed onto the anodic/cathodic sites of the metal surface. The overlapped two time constants related to R ct and R f -for the samples immersed in 1 M HCl solutions containing A. djalonensis (0.3 and 0.4 g/L)-were separated by fitting. The results showed that R f << R ct , which suggested that a thick film was not generated by the inhibitors after their adsorption onto the steel surface and that the electrochemical reactions at a high-level concentration of inhibitors remained controlled by electron transfer resistance. Access of aggressive species to the metal surface was blocked after the inhibitors were adsorbed onto the active sites of the steel surface [51] . As the inhibitor concentration was elevated, a reduction in C dl was observed, suggesting that the concentration increase enhanced the adsorption of inhibitor molecules onto the surface of steel. Additionally, as the concentration increased, an increase was found in the homogeneity parameter (n), which suggested that the surface became less heterogeneous and less rough [52] . When using the sample immersed in the solution containing 0.4 g/L inhibitor, the maximal inhibition efficiency was obtained (93%). This behaviour confirmed the results obtained from the polarization measurements, which indicates that the reduction process is controlled by diffusion of oxygen from the bulk solution to the surface [53] . The results showed that the breakpoint frequency (f b ) decreased with the increase in inhibitor concentration, which suggested that an increasing number of inhibitor molecules were adsorbed on the surface of steel. When using the samples containing 0.3 and 0.4 g/L A. djalonensis, the capacitive region was observed over a wider frequency range, possibly due to the higher number of adsorbed inhibitors on the steel surface. The phase angel of the phase plot was elevated with increased inhibitor concentration, most obviously in the case of the 0.3 and 0.4 g/L inhibitors [54] .
The inhibitor showed a ca. 9% decrease in inhibition efficiency with the electrolyte temperature increase. The inhibition efficiency decrease was primarily due to two factors: some adsorbed inhibitors were desorbed from the steel surface, and the dissolution rate of metal was increased. Table 4 . Element value of a circuit equivalent to fit the impedance spectra in Figure 5 and the values of the corrosion efficiency. Table 5 . Element value of a circuit equivalent to fit the impedance spectra in Figure 6 and the values of the corrosion efficiency. The presence of heteroatoms due to A. djalonensis, i.e., N and O, may be derived from hydrocarbons and aromatic rings from other phytoconstituents in the extracts. On the surface of the steel, there are active cathodic and anodic sites that can lead to serious steel dissolution through contact with the aggressive species. The surface of carbon steel can block the adsorption of extract inhibitor against charge and mass transfer, leading to hindrance of the corrosion process. In general, there are two modes of adsorption. First, the neutral compounds of the extract components show adsorption via a chemisorption mechanism, where the electrons between N or O atom and Fe can be shared; the water molecules can be displaced from the metal surface. For the components of the extract inhibitor, adsorption can be realized through π electrons in the fused benzene rings and the vacant D-orbital of iron. Regardless of the number of components present in the system, the adsorption equilibrium of pure components is an essential ingredient for understanding how many components can be accommodated by a solid adsorbent [55] . However, the protonated components of the extract inhibitor show a physical adsorption via electrostatic interactions between the adsorbed chloride ions and the cations. The extracts' physisorption onto the carbon steel surface was evidenced by the thermodynamic results. The following chemical reactions are proposed for the steel and ion corrosion in HCl solution. The potentiodynamic polarization results show that A. djalonensis operates via a mixed inhibitory mechanism. In the HCl solution, some components of A. djalonensis can be protonated and adsorbed via the π electrons of the aromatic ring onto the cathodic sites of the carbon steel surface. The anodic dissolution of the carbon steel can be inhibited through the interaction between the vacant D-orbital of iron and the lone pair of electrons of the heteroatoms (N, O). These results confirmed the mixed inhibitory mechanism of A. djalonensis for the carbon steel surface in HCl solution (1 M). Table 6 compares various plant-based inhibitors; it can be seen that the proposed A. djalonensis showed comparable performance.
CONCLUSIONS
The present report studied the electrochemical behaviour of A. djalonensis leaf extract on the corrosion of concrete steel reinforcement. A. djalonensis showed desirable inhibitory effects on carbon steel corrosion over a temperature range of 25 to 60 °C. Polarization results confirmed A. djalonensis as a mixed-type inhibitor. Additionally, impedance experimental results exhibited an increase in electron transfer resistance with increased A. djalonensis concentration.
